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Fig. 1  Molecular structure and carbon numbering of 
chlorophylls, according to the IUPAC numbering system. 
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A unicellular cyanobacterium containing Chl f was isolated from Lake Biwa. A small amount of Chl f was 
detected only in the organism cultivated under near-infrared LED light.  Chl f ' and Phe f were not detected 
in this cyanobacterium, whereas Chl a' and Phe a were found at amounts to act as the primary electron donor 
of PS I and the primary electron acceptor in PS II, respectively.  The results indicate that Chl f may function 
not as an electron transfer component but as antenna constituent. 
  
Introduction 
Chlorophylls are essential in plant photosynthesis.  
Chlorophyll a (Chl a, Fig. 1) and bacteriochlorophyll 
a (BChl a) are major chlorophylls in oxygenic and 
anoxygenic photosynthesis, respectively.  The 
photosynthetic reaction centers (RCs) are classified 
into two types according to their electron acceptor 
chains.  "Type I RCs" possess iron-sulfur centers, 
while "Type II RCs" two quinones in series, QA and 
QB (Fig. 2).  Primary charge separation in the RCs is 
driven by a few structurally unique Chl and BChl 
derivatives, such as "prime-type" in the Type I RCs 
and "metal-free" chlorophylls in the Type II RCs, 
respectively.   
     In 1974, pheophytin a (Phe a, Fig. 1), a 
demetallated Chl a, was first postulated to be the 
primary electron acceptor in PS II (Fig. 2)(van 
Gorkom 1974), and the idea was experimentally 
confirmed in 1977 (Klimov et al. 1977a).  In 1975, 
bacteriopheophytin (BPhe) a was found to function 
as the primary electron acceptor in the RC of purple 
bacteria (Fig. 2)(Parson et al. 1975; Rockley et al. 
1975; Fajer et al. 1975; Kaufmann et al. 1975), and 
slightly later BPhe b was also found to perform the 
same function (Fig. 2)(Klimov et al. 1977b).  In 
1986, BPhe a was also found to function in green 
filamentous bacteria (Fig. 2) (Kirmaier et al. 1986; 
Shuvalov et al. 1986).   
     The 132-epimer of Chl a, Chl a' ("a-prime") 
(Fig. 1) was first reported in 1942 (Strain and 
Manning 1942), and it has been demonstrated to 
constitute P700 in 1988 (Fig. 2)(Kobayashi et al. 
1988; Jordan et al. 2001).  As shown in Fig. 2, it has 
been confirmed that P798 consists of BChl g' in the 
RC of heliobacteria in 1991 (Kobayashi et al. 1991), 
and that P840 consists of BChl a' in green sulfur 
bacteria in 1992(Kobayashi et al. 1992, 2000). 
     In 1943, Chl d (Fig. 1) was first reported as a 
minor pigment in several red macroalgae (Manning 
and Strain 1943).  In 1996, a novel cyanobacterium, 
Acaryochloris marina, was isolated from colonial 
ascidians containing Chl d as the dominant 
chlorophyll (Miyashita et al. 1996; Ohashi et al. 
2008).  P740 in A. marina was found to be 
composed of Chl d' (Fig. 1) in 2001 (Akiyama et al. 
2001).  Note that the primary electron acceptors in A. 
marina are Chl a in PS I and Phe a in PS II, 
respectively (Fig. 2)(Akiyama et al. 2001, 2002, 
2004).   
     It is of interest to turn one’s attention to the 
primary electron acceptors in the Type I RCs.  As 
illustrated in Fig. 2, they are all Chl a-derivatives 
even in the bacterial RCs; 81-OH-Chl a esterified 
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Fig. 2 Schematic comparison of photosynthetic electron transport in PS I-type RC and PS II-type RC. Components are placed according 
to their estimated or approximate midpoint potentials. The arrows indicate the direction of electron flow. For simplification, some 
primary electron donors, P970, P850 and P865 are omitted here: P970 and P850 are the primary electron donors of BChl b and Zn-BChl 
a containing purple bacteria, respectively; P865 is the primary electron donor of green filamentous bacteria. 
with farnesol in heliobacteria (van de Meent et al. 
1991) and Chl a esterified with Δ2,6-phytadienol in 
green sulfur bacteria (Kobayashi et al. 2000).  In 
2010, a red-shifted chlorophyll was discovered in a 
methanolic extract of Shark Bay stromatolites, and 
was named Chl f (Fig. 1)(Chen et al. 2010).  In 2011, 
Chl f was also discovered in a unicellular 
cyanobacterium, strain KC1, isolated from Lake 
Biwa, and Chl f was detected only when cultivated 
under near-infrared(NIR) LED light (Ohkubo et al. 
2011), and the amount of Chl f was very small.  The 
function of Chl f has not been clarified to date. 
     In this paper, we report the results of pigment 
composition analysis of the Chl f-containing 
cyanobacterium strain KC1 by silica normal-phase 
HPLC.  Neither Chl f ' nor Phe f was detected, but 
Chl a' and Phe a were detected as minor pigments, 
like other cyanobacteria.  The results indicate that 
Chl f may function not as an electron transfer 
component but as antenna constituent. 
 
Materials and methods 
Algal culture 
Cells of the cyanobacterium strain KC1 were grown 
in BG-11 medium in a glass cell culture flask (1 L) at 
297 K with continuous air-bubbling. Cells were 
incubated under continuous white fluorescent light 
(50 μmol photons/m2/s) or near-infrared LED light 
(740 nm peak, EYELA, Tokyo).  Cells at the early 
stationary phase were harvested by centrifugation. 
The cell pellet was stored in a refrigerator at 193 K 
until use. 
 
Pigment preparation      
Chl f was extracted with acetone/methanol (7/3, v/v) 
mixture at 277 K from the Chl f-containing 
cyanobacterium strain KC1.  The extract was 
applied to a preparative-scale HPLC (Senshupak 
5251-N, 250 mm x 20 mm i.d.) and eluted with 
hexane/ 2-propanol/methanol (100/2/0.4, v/v/v) at a 
flow rate of 7 mL min-1 at 277 K, as described 
elsewhere (Kobayashi et al. 1991).  Chl a and Chl b 
were extracted from parsley (Petroselinum crispum 
Nym.), and Chl d from A. marina, which were then 
purified by the same method as for Chl f.  Other 
authentic pigments, Chl a', Chl f ', Phe a and Phe f, 
were prepared by epimerization and 
pheophytinization of Chl a and Chl f as described 
elsewhere (Watanabe et al. 1984). 
 
Pigment analysis      
Pigments were extracted from cell suspension (ca. 10 
μL) by sonication in a ca. 300-fold volume of 
acetone/methanol (7/3, v/v) mixture for 2 min in the 
dark at room temperature.  The extract was filtered 
and dried in vacuo.  The whole procedure was 
completed within 5 min.  The solid material thus 
obtained was immediately dissolved in 10 μL of 
chloroform, and injected into a silica HPLC column 
(YMC-pak SIL, 250 x 4.6 mm i.d.) cooled to 277 K 
in an ice-water bath.  The pigments were eluted 
isocratically with degassed hexane/2-propanol/ 
methanol (100/0.7/0.2, v/v/v) at a flow rate of 0.9 mL 
min-1, and were monitored with a JASCO UV-970 
detector (λ = 670 nm) and a JASCO photodiode array 
detector MD-915 (λ = 300 - 800 nm) in series. 
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Fig. 3 HPLC elution profiles for acetone/methanol extracts of 
the cyanobacterium strain KC1 grown under (A) fluorescent 
light and (B) NIR LED light, and for (C) a mixture of authentic 
Phe a, Phe f, Chl a ', Chl a, Chl f ', Chl f. Detection wavelength 
is 670 nm. 
     The molar ratios of Chl a/a' were calculated 
directly from their HPLC peak area ratio with an 
absorbance detector (670 nm), because they have the 
same absorption spectra.  The Chl a/Phe a ratio was 
calculated from their HPLC peak area ratio, which 
had been calibrated repeatedly by injecting a standard 
solution containing known amounts of authentic Chl 
a (>99.98 % in purity) and Phe a (99.90 %), based on 
the molar extinction coefficient of each pigment 
(Watanabe et al. 1984).  The Chl f /a' and Chl f /Phe 
a ratio were calculated from the corresponding HPLC 
peak area ratios by assuming that the QY molar 
extinction coefficient of Chl f (>99.90 %) is the same 
as that of Chl d (French 1960).   
 
Results and Discussion  
Typical HPLC traces for acetone/methanol extracts 
from cells of the cyanobacterium strain KC1 
cultivated under white fluorescent light and NIR LED 
light (λ = 740 nm) are shown in Figs. 3A and B, 
respectively.  Large amounts of Chl a, as well as 
small amounts of Chl a' and Phe a, were detected in 
both cells.  Only the strain KC1 grown under NIR 
LED light showed the presence of Chl f as a minor 
pigment (Fig. 3B).   
     Absorption spectrum of Chl f purified from this 
cyanobacterium in methanol was shown in Fig. 4.  
As seen in Fig. 4, the spectrum has a red-shifted QY 
transition (λ = 708.3 nm) compared to Chls a (665.8 
nm), b (652.2 nm) and d (698.1 nm), and a 
blue-shifted Soret band (406.7 nm) compared to Chls 
a (432.5 nm), b (469.4 nm) and d (400.8 and 455.5 
nm).  The peak wavelengths of this pigment in 
methanol are almost the same as those of Chl f (λ = 
406 nm and 706 nm) reported by Chen et al. (2010). 
However, the ratio of Soret/QY-bands 0.9 was widely 
different from the reported value 1.9, most probably 
due to the absence of Phe f as an impurity in our Chl f 
sample.  The identity of this pigment in the strain 
KC1 cultivated under NIR LED light was confirmed 
to be Chl f (Fig. 1) by means of HPLC, CD, mass and 
NMR spectroscopic analyses (data will be published 
elsewhere). 
     It is of interest to note that neither Phe f nor 
Chl f ' was detected in this cyanobacterium, even 
when it was grown under NIR LED light (Fig. 3B).  
This strongly suggests that, in the cyanobacterium 
strain KC1, Phe a and Chl a' function, as in other 
cyanobacteria, as the primary electron acceptor in PS 
II and as the primary electron donor in PS I, 
respectively.   
     The molar ratios of Chl a/a' in the cells of the 
strain KC1 grown under white fluorescent light and 
NIR LED light were almost the same, ca. 50 (Table 
1), which is about a half of Chl a/a' ≒ 120 in 
normal cyanobacteria grown under white fluorescent 
light (Kobayashi et al. 1988), and is slightly smaller 
than Chl d/d' ≒ 70 (white fluorescent light) and 
much smaller than Chl d/d' ≒ 140 (incandescent 
light) in A. marina (Akiyama et al. 2004).  In 
contrast, the molar ratios of Chl a/Phe a showed a 
significant change; Chl a/Phe a = ca. 150 in the cells 
grown under white fluorescent light and ca. 60 under 
NIR LED light (Table 1); the former ratio is a little 
larger than that for normal cyanobacterium (ca.100), 
(Kobayashi et al.1988), and the latter is almost the 
same value, 50, observed in A. marina grown under 
both white fluorescent and incandescent light.  
     On the basis of Chl a'/PS I = 1/1 and Phe a/PS 
II = 2/1 (Kobayashi et al. 1988), stoichiometries of 
PS I/PS II are calculated to be 6.5 under white 
fluorescent light and 2.7 under NIR LED light (Table 
1). Similar tendency was observed in A. marina; PS 
I/PS II = 1.4 under white fluorescent light and 0.82 
under incandescent light (Table 1)(Akiyama et al. 
2004).  As seen in Table 1, similar stoichiometric 
changes were reported in Synechocystis PCC6714 
(PS I/PS II = 3.02 and 1.16) (Fujita et al. 1997), 
Synechocystis PCC6803 (3.0 and 1.5)(Aizawa et al. 
1992), and Synechococcus 6301 (3.7 and 
1.4)(Manodori and Melis 1986).   
Though the Chl a/PS I ratio are almost 
constant among the strain KC1, Synechocystis 
PCC6714, and Synechococcus 6301, in A. marina the 
corresponding stoichiometries of Chl d/PS I showed a 
significant change under different light conditions 
(Fig. 5A).  In contrast, though the Chl d/PS II ratios 
are almost constant in A. marina, but the 
corresponding stoichiometries of Chl a/PS II changed 
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Fig. 4 Comparison of the absorption spectra of Chls a, b, d and 
f in methanol. 
Table 1. Comparison of PS I / PS II and pigment stoichiometries in the strain KC1, A. marina, Synechocystis and Synechococcus.
  
in the strain KC1, Synechocystis PCC6714, and 
Synechococcus 6301 (Fig. 5B).  These results 
suggest that acclimation of A. marina to light regime 
is significantly different from that in the strain KC1, 
Synechocystis PCC6714, and Synechococcus 6301.  
The PS I/PS II stoichiometric change is smallest in A. 
marina and largest in the strain KC1 (Fig. 5C), 
indicating a high flexibility of the strain KC1 toward 
the light conditions during growth.         
     The function of Chl f in the strain KC1 is still 
unclear.  Chl f biosynthesis was induced only when 
the strain KC1 was cultivated under NIR light, and 
Chl f was not induced under white fluorescent light 
even when NIR LED was used concurrently. Though 
the redox potential of Chl f is not yet been known, but 
the value is most probably similar to that of Chl d 
(Kobayashi et al. 2007), since one methyl moiety of 
Chl a is replaced by one formyl group in both Chl d 
and Chl f (see Fig. 1), and hence inductive effects of 
the substituent group on the macrocycle are estimated 
to be almost the same.  Chl f may not function in the 
RC as an electron transfer component, but in the 
antenna as a light energy drain, because Chl f has the 
longest wavelength absorption in this cyanobacterium 
(Fig. 4).  This hypothesis could be supported partly 
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Fig. 5 Comparison of stoichiometries of (Chl a or d)/PS I, (Chl a 
or d)/PS II and PS I/PS II of (○) the strain KC1 (this work), (□) 
A. marina (Akiyama et al. 2004), (△) Synechocystis PCC6714 
(Fujita et al. 1997), and (◇) Synechococcus 6301 (Manodori and 
Melis 1986) grown under short wavelength light (SWL: white 
fluorescent light for strain KC1 and A. marina, PS II light for 
Synechocystis PCC6714 and yellow light for Synechococcus 
6301) and long wavelength light (LWL: NIR LED light for strain 
KC1, incandescent light for A. marina, PS I light for 
Synechocystis PCC6714, and red light for Synechococcus 6301). 
by the observation of significantly strong and longer 
wavelength fluorescence derived from Chl f in the 
cyanobacterium. 
 
Acknowledgements   
This work was supported in part by Special Project of 
Organization for the Support and Development of 
Strategic Initiatives（Green Innovation）  (Univ. 
Tsukuba) to M.K. 
 
Reference 
Aizawa K, Shimizu T, Hiyama T, Satoh K, Nakamura Y 
and Fujita Y (1992) Changes in composition of 
membrane proteins accompanying the regulation of 
PSI/PSII stoichiometryobserved with Synechocystis 
PCC 6803. Photosyn. Res., 32,131-138. 
Akiyama M, Miyashita H, Kise H, Watanabe T, Miyachi S 
and Kobayashi M (2001) Detection of chlorophyll d' 
and pheophytin a in a chlorophyll d-dominating 
oxygenic photosynthetic prokaryote Acaryochloris 
marina. Anal. Sci., 17, 205-208 
Akiyama M, Miyashita H, Kise H, Watanabe T, Mimuro M, 
Miyachi S and Kobayashi M (2002) Quest for minor 
but key chlorophyll molecules in photosynthetic 
reaction centers - Unusual pigment composition in the 
reaction centers of a chlorophyll d-dominated 
cyanobacterium Acaryochloris marina. Photosynth. 
Res., 74, 97-107 
Akiyama M, Gotoh T, Kise H, Miyashita H, Mimuro M, 
Kobayashi M (2004) Stoichiometries of chlorophyll 
d'/PS1 and chlorophyll a/PS2 in a chlorophyll 
d-dominated cyanobacterium Acaryochloris marina. 
Jpn. J. Phycol. (Sorui), 52, 67-72 
Boichenko VA, Klimov VV, Miyashita H and Miyachi S 
(2000) Functional characteristics of chlorophyll 
d-predominating photosynthetic apparatus in intact 
cells of Acaryochloris marina. Photosynth. Res., 65, 
269–277. 
Chen M, Schliep M, Willows RD, Cai Z, Neilan BA, 
Scheer H (2010) A red-shifted chlorophyll. Science, 
329, 1318-1319  
Deisenhofer J, EPP O, Miki K, Huber R and Michel H 
(1985) Structure of the protein subunits in the 
photosynthetic reaction centre of Phodopseudomonas 
viridis at 3Å resolution. Nature, 318, 618-624 
Fajer J, Brune DC, Davis MS, Forman A and Spaulding LD 
(1975) Primary charge separation in bacterial 
photosynthesis: Oxidized chlorophylls and reduced 
pheophytin. Proc. Natl. Acad. Sci. USA, 72, 
4956-4960 
French CS (1960) The chlorophylls in vivo and in vitro. In: 
Ruhland W (ed) Handbuch der Panzenphysiologie, 
Bd 5/1, pp 252–297, Springer-Verlag, Berlin 
Fujita Y (1997) A study on the dynamic features of 
photosystem stoichiometry: Accomplishments and 
problems for future studies. Photosynth. Res., 53 
83–93 
Jordan P, Fromme P, Witt HT, Klukas O, Saenger W and 
Krauβ  N (2001) Three-dimensional structure of 
cyanobacterial photosystem I at 2.5 Å  resolution. 
Nature, 411, 909-917 
Kaufmann KJ, Dutton PL, Netzel TL, Leigh JS and 
Rentzepis PM (1975) Picosecond kinetics of events 
leading to reaction center bacteriochlorophyll 
oxidation. Science, 188, 1301-1304 
Kirmaier C, Blankenship RE and Holten D (1986) 
Formation and decay of radical-pair state P+I- in 
Chloroflexus aurantiacus reaction centers. Biochim. 
Biophys. Acta, 850, 275-285 
- 39 -
Photomedicine and Photobiology, Vol.33, 2011
  
 
Klimov VV, Klevanik AV, Shuvalov VA and Krasnovsky 
AA (1977a) Reduction of pheophytin in the primary 
light reaction of photosystem II. FEBS. Lett., 82, 
183-186 
Klimov VV, Shuvalov VA, Krakhmaleva IN, Klevanik AV 
and Krasnovskii AA (1977b) Photoreduction of 
bacteriopheophytin b in the primary light reaction of 
Rhodopseudomonas viridis chromatophores. 
Biokhimiya., 42, 519-530 
Kobayashi M, Watanabe T, Nakazato M, Ikegami I, 
Hiyama T, Matsunaga T and Murata N (1988) 
Chlorophyll a'/P700 and pheophytin a/P680 
stoichiometries in higher plants and cyanobacteria 
determined by HPLC analysis. Biochim. Biophys. Acta, 
936, 81-89 
Kobayashi M, van de Meent EJ, Amesz J, Ikegami I and 
Watanabe T (1991) Bacteriochlorophyll g epimer as a 
possible reaction center component of heliobacteria. 
Biochim. Biophys. Acta, 1057, 89-96 
Kobayashi M, van de Meent EJ, Oh-oka H, Inoue K, Itoh S, 
Amesz J and Watanabe T (1992) Pigment composition 
of heliobacteria and green sulfur bacteria. In: Murata N 
(ed) Research in Photosynthesis, Vol 1, pp 393-396. 
Kluwer Academic Publishers, Dordrecht 
Kobayashi M, Oh-oka H, Akutsu S, Akiyama M, Tominaga 
K, Kise H, Nishida F, Watanabe T, Amesz J, Koizumi 
M, Ishida N and Kano H (2000) The primary electron 
acceptor of green sulfur bacteria, bacteriochlorophyll 
663, is chlorophyll a esterified with △2,6-phytadienol. 
Photosynth. Res., 63, 269-280 
Kobayashi M, Ohashi S, Iwamoto K, Shiraiwa Y, Kato Y 
and Watanabe T (2007) Redox potential of chlorophyll 
d in vitro. Biochim. Biophys. Acta, 1767, 596-602 
Manning WM and Strain HH (1943) Chlorophyll d, a green 
pigment of red algae. J. Biol. Chem., 151, 1-19 
Manodori A and Melis A (1986) Cyanobacterial 
acclimation to Photosystem I or Photosystem II light. 
Plant Physiol., 82, 185–189 
Miyashita H, Ikemoto H, Kurano N, Adachi K, Chihara M 
and Miyachi S (1996) Chlorophyll d as a major 
pigment. Nature, 383, 402 
Ohashi S, Miyashita H, Okada N, Iemura T, Watanabe T 
and Kobayashi M (2008) Unique photosystems in 
Acaryochloris marina. Photosynth. Res., 98, 141-149  
Ohkubo S, Usui H and Miyashita H (2011) Unique 
chromatic adaptation of a unicellular cyanobacterium 
newly isolated from Lake Biwa. Jpn. J. Phycol. (Sorui), 
59, 52(A22) (in Japanese) 
Parson WW, Clayton RK and Cogdell RJ (1975) Excited 
states of photosynthetic reaction centers at low redox 
potentials. Biochim. Biophys. Acta, 387, 265-278  
Rockley MG, Windsor MW, Cogdell RJ and Parson WW 
(1975) Picosecond detection of an intermediate in the 
photochemical reaction of bacterial photosynthesis. 
Proc. Natl. Acad. Sci. USA, 72, 2251-2255  
Shuvalov VA, Vasmel H, Amesz J and Duysens LNM 
(1986) Picosecond spectroscopy of the charge 
separation in reaction centers of Chloroflexus 
aurantiacus with selective excitation of the primary 
electron donor. Biochim. Biophys. Acta, 851, 361-368  
Strain HH and Manning WM (1942) Isomerization of 
chlorophylls a and b. J. Biol. Chem., 146, 275-276 
Van de Meent EJ, Kobayashi M, Erkelens C, van Veelen PA, 
Amesz J and Watanabe T (1991) Identification of 
81-hydroxychlorophyll a as a functional reaction center 
pigment in heliobacteria. Biochim. Biophys. Acta, 1058, 
356-362 
Van Gorkom HJ (1974) Identification of the reduced 
primary electron acceptor of photosystem II as a bound 
semiquinone anion. Biochim. Biophys. Acta, 347, 
439-442  
Watanabe T, Hongu A, Honda K, Nakazato M, Konno M 
and Saitoh S (1984) Preparation of chlorophylls and 
pheophytins by isocratic liquid chromatography. Anal. 
Sci., 56, 251-256 
Zouni A, Witt HT, Kern J, Fromme P, Krauβ N, Saenger 
W and Orth P (2001) Crystal structure of Photosystem 
II from synechococcus elongates at 3.8Å resolution. 
Nature, 409, 739-743 
 
 
- 40 -
